that prevents ubiquitination of PSD-95. Second, we PSD-95 extensively colocalized with synapsin ( Figure  1A , upper panel). However, following NMDA stimulation show that inhibiting the proteasome, which blocks PSD-95 degradation, prevents NMDA-induced internalization (20 M, 3 min), the intensity of PSD-95 puncta was of AMPA receptors and reduces synaptically induced reduced to 67% Ϯ 4% of control levels (p Ͻ 0.01; n ϭ LTD. These data suggest that the ubiquitin-proteasome 250 synapses from ten cells in four cultures; Figure 1A , system regulates the molecular architecture of glutabottom panel; Figure 1B ). These data suggest that matergic synapses and plays a key role in synaptic plas-NMDA treatment causes a rapid loss of PSD-95 from ticity in the mammalian brain. synaptic sites. To further examine this phenomenon, we measured Results the total cellular levels of PSD-95 following NMDA stimulation. PSD-95 protein levels were assessed by Western blot and quantified by densitometry. NMDA caused a Activation of NMDA Receptors Reduces PSD-95 Protein Levels reduction in total PSD-95 levels by 15 min that was maintained for at least 60 min (72% Ϯ 5% of control Brief exposure of cultured hippocampal neurons or acutely prepared hippocampal slices to NMDA stimulates interlevels, p Ͻ 0.05, n ϭ 5; Figure 1C , upper panel 1 and Figure 1D ). In contrast, NMDA caused no decrease in nalization of AMPA receptors and LTD of synaptic transmission (Beattie et Calcium influx through the NMDA receptor is known to regulate many synaptic events, including LTD (Bear hippocampal neurons for the synaptic marker synapsin 1 (green) and PSD-95 (red; Figure 1A) . In control cultures, and Malenka, 1994). To test whether it is required for the loss of cellular PSD-95, we repeated the experiments PSD-95. However, we are unable to establish at this time whether this represents polyubiquitination or in calcium-free media. In the absence of external calcium, NMDA-induced loss of PSD-95 was blocked monoubiquitination on multiple sites. To test the specificity of this effect, we repeated these (105% Ϯ 4% of control levels, p Ͼ 0.3, n ϭ 5; Figure  1C , panel 2, and Figure 1E) . experiments under identical conditions and immunoprecipitated GluR2-containing AMPA receptor complexes Calcium entry induces LTD by activation of the phosphatase PP2B (calcineurin; Mulkey et al., 1994). We hyfollowing NMDA treatment. We saw no evidence for ubiquitination of GluR2 receptors following NMDA stimpothesized that PP2B also may serve as a calcium sensor in the downregulation of PSD-95 protein levels. To ulation ( Figure 2C , upper panel), although control experiments confirmed that GluR2 was efficiently immunopretest this, we repeated experiments in the presence of the potent and specific PP2B inhibitor ascomycin (Asco; cipitated ( Figure 2C, bottom panel) . These data suggest that NMDA treatment induces the selective ubiquitina-2 M), an analog of FK-506 (Liu et al., 1991) . Inhibition of PP2B prevented the NMDA-induced loss of PSD-95 tion of PSD-95. PEST sequences are known to regulate ubiquitination (97% Ϯ 4%, p Ͼ 0.4, n ϭ 5; Figure 1C , panel 3, and Figure 1E ). Together, these data suggest that PP2B is and rapid protein turnover (Rechsteiner and Rogers, 1996 Figure 2E , top panel, lanes 2 and 3), although equivalent amounts of both 95 levels (110% Ϯ 12% of control levels, p Ͼ 0.2, n ϭ 5; Figure 1C , panel 4, and Figure 1E ). These data indicate proteins were immunoprecipitated ( Figure 2E , bottom panel). These data suggest that the PEST sequence in that the cAMP/PKA pathway is involved in regulating PSD-95 levels.
PSD-95 is critical for its ubiquitination. levels to 176% Ϯ 23% of controls ( Figure 4C ; p Ͻ 0.05, n ϭ 3). As a control, we cotransfected GFP; p14ARF had no effect on GFP levels ( Figure 4B , bottom panel).
PSD-95 Is

PSD-95 Is Ubiquitinated by Mdm2
To test directly whether PSD-95 is a substrate for Mdm2, We next tested whether the PEST sequence in PSD-95 is important for regulation by Mdm2. In contrast to wildwe performed in vitro ubiquitination assays ( Figure 4A ). GST-PSD-95 showed a laddering of higher molecular type PSD-95, PSD-95⌬PEST levels were not increased by cotransfection with p14ARF ( Figure 4B , lanes 3 and weight ubiquitinated species when all components of the ubiquitination machinery were present ( Figure 4A 5D and 5F ; the notion that Mdm2 is required for ubiquitination and 60% Ϯ 5% of control levels at 60 min, p Ͻ 0.05; n ϭ 6). degradation of PSD-95 and that the PEST sequence is There was no change in surface levels of transferrin critical in this process. receptors ( Figure 5F ). In the presence of MG132, however, the NMDA-induced loss of surface GluR1 was The Proteasome Regulates PSD-95 Levels completely blocked (Figures 5E and 5G; 104% Ϯ 5% of Following ubiquitination, substrate proteins are often control levels at 60 min, p Ͼ 0.4, n ϭ 7). These data targeted to the 26S proteasome for degradation (Pickart, indicate that continual plasticity. We show here that the levels of PSD-95, a major organizer of the PSD, are regulated by ubiquitination. This process is signaled through NMDA The Proteasome Regulates Hippocampal LTD Finally, we tested whether proteasomal degradation of receptor activation, which induces ubiquitination of PSD-95 and its removal from synaptic sites by degrada-PSD-95 might be an underlying mechanism for the activity-dependent removal of glutamate receptors during tion. Loss of PSD-95 presumably untethers AMPA receptors from the postsynaptic membrane, allowing for LTD. We isolated hippocampal slices from young rats and performed whole-cell voltage-clamp recordings of their subsequent removal from synaptic sites by endocytosis. We propose that through rapid and dynamic CA1 neurons intracellularly perfused with vehicle, MG132, were defined as regions of staining intensity twice that of background on dendrite. Synaptic puncta were defined as regions of lysed 24 hr after transfection in 500 l RIPA buffer (1% Triton X-100, 0.1% SDS, 0.5% deoxycholic acid, 50 mM NaPO 4 , 150 mM NaCl, 2 staining overlapping synapsin 1 puncta. Puncta were delineated manually in NIH image (average synaptic diameter 1.5 m), and mM EDTA and protease inhibitors). Cell extracts were analyzed directly or were subjected to immunoprecipitation using 1-3 g average pixel intensity was measured. density cultured neurons were placed on ice to halt receptor trafficking and washed twice with ice-cold artificial cerebrospinal fluid The hippocampus was removed from P0-P2 rats, exposed to papain (20 U/ml) at 37ЊC for 60 min, and dissociated by trituration. Cells (ACSF; 124 mM NaCl, 5 mM KCl, 1.25 mM NaH 2 PO 4 , 26 mM NaHCO 3 , 0.8 mM MgCl 2 , 1.8 mM CaCl 2 , 10 mM dextrose, saturated with 95% were plated onto poly-lysine-coated (1 mg/ml) glass-bottomed dishes. For immunocytochemistry, cells were plated at 75,000 cells/ O 2 and 5% CO 2 .) Cultures were then incubated with ACSF containing 1 mg/ml Sulfo-NHS-LC-Biotin (Pierce Chemical Company) for 30 ml (1.5 ml/dish); for biochemistry, cells were plated at 500,000 cells/ ml. Cultures were grown in media containing DMEM with 5% fetal min on ice. Cultures were rinsed in Tris buffered saline (TBS) to quench the biotin reaction. Cultures were lysed in 300 l of RIPA bovine serum, 4 mM L-glutamine, B-27 nutrient supplement, penicillin (5 U/ml), and streptomycin (5 g/ml). For immunoprecipitation of buffer. The homogenates were centrifuged at 14,000 ϫ g for 15 min at 4ЊC. The supernatant (200 l) was incubated with 100 l of 50% PSD-95 and GluR2, neurons were lysed in RIPA buffer (0.1% SDS, 0.5% deoxycholic acid, 1% Triton X-100, 50 mM NaPO 4 , 150 mM neutravidin agarose beads (Pierce Chemical Company) for 3 hr or overnight at 4ЊC. Neutravidin-bound proteins were washed three NaCl, 2 mM EDTA, and protease inhibitors).
Figure 6. Ubiquitination of PSD-95 Regulates Endocytosis of AMPA Receptors (A) (Top row) An antibody feeding technique was used to visualize endocytosed GluR2 in untransfected neurons (blue; left panels), neurons transfected with myc-PSD-95⌬PEST (blue; middle panels), or myc-tagged PSD-95 (blue; right panels). (Middle row) In untransfected neurons, NMDA treatment causes a loss of surface GluR2 staining (red; ϩ; left panels). NMDA-induced loss of surface GluR2 is largely blocked in PSD-95⌬PEST-expressing neurons (red; middle panels) and blunted in neurons expressing wild-type PSD-95 (red; right panels). (Bottom row) In untransfected neurons (Ϫ; left panels), there is scant intracellular GluR2 staining (green). NMDA treatment (20 M, 3 min) causes internalization of GluR2 (green; ϩ; left panels). NMDA-induced GluR2 endocytosis was blocked in neurons expressing PSD-95⌬PEST (green; middle panels). NMDA-induced endocytosis of GluR2 was partially inhibited in neurons expressing
times with RIPA buffer and resuspended in 40 l of SDS sample buffer and boiled. Quantitative Western blots were performed on Immunocytochemistry biotinylated (surface) proteins using anti-GluR1 C-terminal (1:1000; Following experimental treatment, low-density neuronal cultures Upstate Biotechnology); transferrin receptor antibodies (TfR; monowere fixed in 4% paraformaldehyde with 4% sucrose for 5 min.
clonal clone H68.4; 1:1000 [0.5 g/ml]; Zymed Laboratories). PreviNeurons were incubated in blocking buffer (20% fetal bovine serum ous control experiments confirmed that the intracellular protein actin in PBS) for 1 hr and then exposed to antibodies against synapsin was not biotinylated in this assay (n ϭ 3). 1 (1:1000; Chemicon), Mdm2 (1:100; Santa Cruz), or PSD-95 (1:200; MA1-045/046 Affinity Bioreagents) overnight at 4ЊC in blocking buffer. Cultures were then rinsed in blocking buffer containing 0.1% Electrophysiology Long-Evans rats aged P14-P20 (Charles River) were deeply anestheTriton-X-100 for 20 min, exposed to the appropriate fluorescent secondary antibodies (Jackson Immunoresearch) for 1 hr, and tized with an injection of D-beuthanasia. Following the disappearance of corneal reflexes and a tail pinch response, the rat was mounted in Vectashield. Omission of primary antibody was used as a control for specificity of staining and showed only faint backdecapitated according to U.S. Department of Health and Human Services and Brown University animal care guidelines. The brain ground staining.
For surface label of AMPA receptors, neuronal cultures were was rapidly removed and placed into ice-cold dissection buffer consisting of 212 mM sucrose, 10 mM glucose, 2.6 mM KCl, 1.23 placed on ice to inhibit endocytosis, and surface receptors were labeled with GluR2 antibodies directed against an extracellular epimM NaH 2 PO 4 , 26 mM NaHCO 3 , 9 mM MgCl 2 , and 1 mM CaCl 2 . Slices of ventral hippocampus (350 m) were obtained using a vibratingtope (Chemicon; MAB397; 1:100) for 30 min. Cultures were rinsed twice for 15 min in PBS, fixed in 4% paraformaldehyde with 4% blade microtome (Leica VT1000S), and connections from CA3 and subiculum were severed to prevent epileptiform activity. Slices were sucrose for 5 min, and blocked in PBS containing 10% normal goat serum for 1 hr. For PSD-95 transfection experiments, cultures were transferred to a holding chamber containing ACSF that consisted of 124 mM NaCl, 2.5 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 1.23 mM permeabilized with 0.25% Triton-X-100 and stained overnight at 4ЊC with rabbit polyclonal antibodies directed against the myc tag NaH 2 PO 4 , 26 mM NaHCO 3 , and 10 mM dextrose. Slices were allowed to recover at room temperature for a minimum of 1 hr prior to re-(Upstate Biotechnology; 1:200) to identify PSD-95-transfected cells. Cultures were rinsed in blocking buffer two times 20 min at room cording. For recordings, a slice was transferred to a submersion-type retemperature and exposed to the appropriate fluorescent secondary antibodies (Jackson Immunoresearch; 1:300) in blocking buffer cording chamber and perfused with room temperature (25ЊC), oxygenated ACSF that also contained 50 M picrotoxin to inhibit GABA A overnight at 4ЊC. Cultures were rinsed three times 20 min and cover slipped in Vectashield (Vector Laboratories). Cultures were examresponses. Individual CA1 pyramidal neurons were visualized with an inverted microscope (Nikon) outfitted with a 40ϫ, 0.8 numerical ined on a Olympus Fluoview 300 laser scanning confocal microscope with experimenters blind to culture history. Images were colaperture objective and IR-DIC optics. Whole-cell voltage-clamp recordings were performed using patch pipettes made of thick-walled lected using Fluoview software and converted to NIH image files.
For quantification of PSD-95, GluR2, and Mdm2 staining, puncta glass (Sutter, 1.5 mm O.D., 0.86 mm I.D.) and filled with internal
